Cultured cells from individuals affected with Fanconi anemia (FA) exhibit spontaneous chromosome breakage and hypersensitivity to the cell killing and clastogenic effects of the difunctional alkylating agent diepoxybutane (DEB). We report here the correction of both of these DEBhypersensitivity phenotypes of FA cells achieved by cotransfection of normal placental or Chinese hamster lung cell DNA and the plasmid pSV2-neo-SVgpt. Transfectants were selected for clonogenic survival after treatment with DEB at a dose of 5 ,ug/ml. At this dose of DEB, the clonogenicity of normal fibroblasts was reduced to 50% and that of FA fibroblasts was reduced to zero. DEB-resistant (DEBr) colonies selected in this system exhibited a normal response to DEB-induced chromosome breakage and resistance to repeated DEB treatment. The neo and gpt sequences were detected by Southern blot analysis of DNA from one of four DEBr colonies independently derived from transfection of human DNA and one of three DEBr colonies independently derived from transfection of Chinese hamster DNA. In addition, Alu-equivalent hamster sequences were detected in three of seven additional independently derived colonies from transfection of Chinese hamster DNA. The DEBr phenotype of these colonies was stably maintained over several subcultures. Our results demonstrate that DNA sequences that complement the two hallmark cellular phenotypes (cellular and chromosomal hypersensitivity to alkylating agents) of FA are present in human as well as Chinese hamster DNA. The cloning of these genes using transfection strategies can be expected to enable molecular characterization of FA.
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Fanconi anemia (FA) is an autosomal recessive disorder of childhood that is characterized by multiple developmental anomalies, an invariable and lethal pancytopenia, and an increased predisposition to neoplastic disease, especially myeloid leukemia (1, 2) . Cultured blood lymphocyte and fibroblast cells from FA patients exhibit increased spontaneous chromosome breakage compared to normal cells (3, 4) . They also have been shown to be hypersensitive to the cell killing and clastogenic effect of DNA cross-linking agents such as mitomycin C (MMC) (5) and diepoxybutane (DEB) (6, 7) . The disorder exhibits considerable phenotypic heterogeneity, and complementation studies involving fusion of FA lymphoblastoid cell lines have provided evidence for the presence of two genetic classes (8) . We have devised a selective system that discriminates unequivocally between FA and normal fibroblasts based on DEB hypersensitivity and in a preliminary report showed that this hypersensitivity can be corrected by transfection of human placental and Chinese hamster lung cell DNA as calcium phosphate precipitates (9) . Recently, correction of MMC sensitivity of FA fibroblasts also was accomplished by transfection of normal human DNA as calcium phosphate precipitate (10) . Although these latter studies showed that the MMC-resistant (MMCl) cells expressed a normal pattern of DNA semiconservative replication, correction of the chromosomal phenotype, the key diagnostic feature of FA cells (7), was not investigated. Using the selection system developed by us, we show here that the cellular and chromosomal hypersensitivity of FA cells in response to DEB treatment can be corrected by transfection of normal human placental or Chinese hamster DNA. Thus, a gene or genes that complement the key cellular phenotypes of FA are present in human and Chinese hamster DNA. Furthermore, they stably integrate and express upon transfection into mutant cells. The cloning of these DNA sequences can be expected to lead to the eventual molecular characterization of FA.
MATERIALS AND METHODS
Cell Strains. The following cell strains were used in these experiments: (i) three normal fibroblast strains (GM969, GM970, GM3349) obtained from the National Institute of General Medical Sciences Human Genetic Mutant Cell Repository, (ii) three FA fibroblast strains (CA178, CA299, CA431) previously derived by us from patients whose diagnosis we have established on the basis of clinical features and expression by cultured cells of elevated spontaneous and DEB-induced chromosome breakage (7), and (iii) three growth-transformed sublines of CA431 derived by simian virus 40 (SV40) DNA transfection (designated as CA431-SV1, CA431-SV2, and CA431-SV3) (11) . Cell cultures routinely were maintained in Dulbecco's minimal essential medium (DMEM) (GIBCO) supplemented with 15% fetal bovine serum, L-glutamine, and penicillin/streptomycin (GIBCO). Subculturing was done using 0.25% trypsin/EDTA (GIBCO).
Clonogenic Survival. Exponentially growing cultures were treated with the appropriate concentration of DEB in phosphate-buffered saline (PBS) for 1 hr at 37°C. Following this treatment, the cultures were washed with PBS, trypsinized, and plated at appropriate dilutions in 6- Transfection. DNA from a normal human placenta was extracted following described methods (11) . Chinese hamster lung cell DNA was kindly provided by Peter Melera (Sloan-Kettering Institute) and the SV40 DNA was obtained commercially (Sigma). DNA precipitation and transfection were carried out as described (11, 12) . In each transfection, along with 30-50 pug of human placental or Chinese hamster DNA, one of two plasmids, pSV2-neo or pSV2-neo-SVgpt (kindly provided by Raju Kucherlapati, University of Illinois College of Medicine, Chicago), was introduced into the cells. Both plasmids contain the gene for resistance to the antibiotic neomycin, and, in addition, pSV2-neo-SVgpt contains the gene for resistance to mycophenolic acid (MPA) (13) . In one experiment involving CA431, SV40 DNA also was introduced along with the above plasmids. Mock-transfections in which human and Chinese hamster DNA were excluded were carried out in parallel with each experiment as controls.
Chromosome Analysis. Spontaneous and DEB-induced chromosome breakage was studied in untreated and DEBtreated FA and DEBW FA cells following described methods (7) . In scoring for chromosome breakage, structural rearrangements (quadriradial and triradial configurations, dicentrics, and rings) were considered as two break events, whereas chromatid and isochromatid breaks were scored as single break events. In the case of multiradial configurations the total number of breaks in each cell was counted. Gaps, although recorded, were not included in the calculation of breakage rates following established conventions for these types of analyses (7).
Gel Electrophoresis and Southern Hybridization. For the detection of neo and gpt sequences, cellular DNA was digested with the restriction endonucleases EcoRI, HindIII, and Sst I, and 5 ,ug of the digested DNA was electrophoresed in 0.8% agarose minigels. After treatment with alkaline and neutralization' buffers, the gels were transferred to nitrocellulose filters overnight (14) . The neo and gpt inserts were isolated from the plasmid and labeled with 32P by nicktranslation to a specific activity of 1 x 108 cpm/,ug of DNA (15) . Hybridization was carried out at 65°C in 0.9 M NaCl/90 mM sodium citrate/lOx Denhardt's solution (0.02% bovine serum albumin/0.02% Ficoll/0.02% polyvinylpyrrolidone) for 16-24 hr. The filters were washed three times (30 min each wash) in 0.3 M NaCl/30 mM sodium citrate/0.1% NaDodSO4 at 65°C, air-dried, and exposed to Kodak XAR-5 film with intensifying screens at -70°C for periods of up to 1 week. For the detection of Chinese hamster sequences, cellular DNA was digested with the restriction endonucleases HindIII and Sau3A, and 10 ,g of the digested DNA was electrophoresed on 0.8% agarose gels and transferred to nitrocellulose filters as described above. An Alu-equivalent sequence from Chinese hamster cloned in pUC19 (16) (kindly provided by Warren Jellinick, New York University Medical Center, New York) was labeled with 32P by priming with random oligonucleotides (17) to a specific activity of 5-8 x 108 cpm/,ug of DNA. Hybridization was carried out at 65°C in 0.9 M NaCI/90 mM sodium citrate/0.1% NaDodSO4/5x Denhardt's solution for 18 hr. The filters were washed three times (30 min each wash) in 15 mM NaCl/1.5 mM sodium citrate/0.1% NaDodSO4 at 68°C and exposed to film for autoradiography as described above.
RESULTS
The clonogenic survival of DEB-treated normal and FA fibroblasts shown in Fig. 1 Transfections of untransformed and SV40 growth-transformed FA cell strains (CA178, CA431, CA431-SV3) were performed in a number of donor DNA combinations involving placental DNA, Chinese hamster DNA, and the pSV2-neo and pSV2-neo-SVgpt plasmids ( Table 2 ). The ensuing cells were subjected to DEB selection, which allowed recovery of resistant colonies from most transfections. No resistant colonies were recovered from any of the mock (control)-transfections, which indicated absence of reversion at recognizable frequency under the experimental conditions used tToo many to count. 5854 Genetics ( Table 2 ). CA431 was chosen to perform further experiments since it grew better and was easier to handle in culture than CA178 and CA299. In an effort to enhance the efficiency of transfection, SV40 DNA was transfected along with normal placental DNA and the pSV2-neo plasmid in some experiments. However, the frequency of DEBr colonies was not substantially higher in these experiments than from transfections without SV40 DNA (Table 2 ). In another set of experiments transfections of placental or Chinese hamster DNAs were done in parallel into CA431 and CA431-SV3 (Table 2) . Although no substantial difference in the frequencies of DEBr colonies was observed between the two donor DNA combinations, CA431-SV3 cells seemed to accept transfected DNA more readily than its parental line cells (CA431) ( Table 2) . Altogether, 45 corrected colonies were isolated from the various transfections. Of these, 36 were expanded for further studies.
Three of the DEBr transformants were retreated with 5 ,ug of DEB per ml to study their clonogenicity and DEB sensitivity following seven passages in culture. The survival of these colonies was found to be comparable to that of the normal cell line studied in parallel, whereas in the same experiment the parental CA431 cells maintained their level of sensitivity previously established (Fig. 2) .
Spontaneous and DEB-induced chromosome breakage was studied in three independently derived DEBr colonies and in their parental strain, CA431 (Table 3 ). The spontaneous chromosome breakage in CA431, as expected, was high (0.16 break per cell), and upon treatment with DEB it increased -64-fold (10.22 breaks per cell, Table 3 ). Numerous multiradial, quadriradial, and triradial configurations were present in these cells. The three DEBr derivatives exhibited heteroploidy in all cells and elevated spontaneous chromosome breakage (0.62-2.85 breaks per cell, Table 3 ).
However, the type of chromosome breakage seen in these cells was different from that typically seen in FA cellsnamely, chromatid gaps, breaks, and exchange configurations (7) . Instead, they predominantly exhibited dicentrics, rings, and other lesions typically seen in cells into which SV40 sequences have been introduced (Table 3) (11, 18) . This breakage pattern and the high incidence of heteroploidy, which also is characteristic of the presence of the SV40 genome (11, 18) , suggested to us that the chromosome instability in these DEBT cells results from the pSV2-neoSVgpt plasmid, which contains two SV40 origin sequences (13) . Significantly, the DEBr FA cells, upon treatment with DEB, did not respond with either increased chromosome breakage or multiradial configurations typical of DEB-treated FA cells (7) . The DEBr cells used in these studies underwent four or five in vitro subcultures; therefore, we believe that the correction achieved in these cells determined by assaying for chromosome breakage following DEB treatment is a stable one (Table 3) . Another interesting cytological feature of the DEBr cells was the presence of double minute chromosomes (DMs) (Fig. 3) . DMs were seen in 4-22% of cells and their origin was not determined.
The presence of introduced DNA sequences was sought in DNA extracted from DEBr colonies that have been subcultured at least four times. DNA from seven DEBT colonies that received human placental (three colonies) or Chinese hamster (four colonies) DNA was assayed for the presence of integrated neo and gpt sequences. Southern blotting revealed that two of these had the introduced marker genes (Fig. 4) . Based on the known restriction sites on the plasmid (19) and the fragment sizes observed, it was concluded that plasmid sequences have integrated into the DNA of these colonies. DNA from three other DEW colonies that received Chinese hamster DNA were assayed for the presence of integrated Alu-equivalent hamster sequences, and Southern blotting revealed that each of these had such sequences. mediated the correction. The frequency with which such cotransfected genes cointegrate into the recipient cells appears to vary. A number of investigators have found that cotransfection of the thymidine kinase (tk+) and P-globin gene into murine Ltk-cells results in >75% tk' transfectants that also contain the integrated B-globin gene (22) (23) (24) . On the other hand, Rubin et al. (21) found that <0.3% of MPAI cells contained human MMC' sequences, whereas Liu and Loeb (25) found that 20% of MPAr clones also were resistant to a mutant aphidicolin-resistant DNA a-polymerase following cotransfection of the two DNAs.
The molecular basis of alkylating agent sensitivity of FA cells has not been established, although defective enzymatic systems involved in DNA repair have been suggested to underlie the basic defects of this and two other recessively inherited disorders-Bloom syndrome (BS) and ataxia-telangiectasia-that together are referred to as the chromosome breakage syndromes (26) . Biochemical studies of DNA replication and repair of induced DNA damage have shown that the DNA ligases Ia and lb and DNA a-polymerase are involved in S-phase DNA replication and DNA ligase II and DNA p-polymerase are involved in DNA repair (27) (28) (29) (30) . A significant observation in this connection is the recent detection of defective DNA ligase Ia activity in cultured BS cells. BS is an autosomal recessive disorder characterized by severe growth retardation, increased cancer predisposition, and a constellation of cellular features that strongly suggest a defective S-phase DNA replication-namely, homologous 
